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Signal Transduction at Point-Blank Range: Analysis of a Spatial Coupling
Mechanism for Pathway Crosstalk

Michael I. Monine and Jason M. Haugh
Department of Chemical and Biomolecular Engineering, North Carolina State University, Raleigh, North Carolina

ABSTRACT The plasma membrane provides a physical platform for the orchestration of molecular interactions and biochem-
ical conversions involved in the early stages of receptor-mediated signal transduction in living cells. In that context, we introduce
here the concept of spatial coupling, wherein simultaneous recruitment of different enzymes to the same receptor scaffold fa-
cilitates crosstalk between different signaling pathways through the local release and capture of activated signaling molecules.
To study the spatiotemporal dynamics of this mechanism, we have developed a Brownian dynamics modeling approach and
applied it to the receptor-mediated activation of Ras and the cooperative recruitment of phosphoinositide 3-kinase (PI3K) by
activated receptors and Ras. Various analyses of the model simulations show that cooperative assembly of multimolecular
complexes nucleated by activated receptors is facilitated by the local release and capture of membrane-anchored signaling
molecules (such as active Ras) from/by receptor-bound signaling proteins. In the case of Ras/PI3K crosstalk, the model pre-
dicts that PI3K is more likely to be recruited by activated receptors bound or recently visited by the enzyme that activates Ras.
By this mechanism, receptor-bound PI3K is stabilized through short-range, diffusion-controlled capture of active Ras and Ras/
PI3K complexes released from the receptor complex. We contend that this mechanism is a means by which signaling pathways

are propagated and spatially coordinated for efficient crosstalk between them.

INTRODUCTION

Intracellular signal transduction networks are responsible for
controlling cell behavior in response to external stimuli,
which are most often sensed by specific receptors at the cell
surface. In the case of growth factor receptors, binding of an
extracellular ligand results in receptor dimerization, tyrosine
kinase activation, and phosphorylation of the intracellular
portion of the receptor on multiple tyrosine residues, which
are rapid processes that prime the receptor for intracellular
signaling. The tyrosine-phosphorylated receptor actuates
signal transduction by providing a scaffold for the recruit-
ment of various enzymes, either directly or through adaptor
proteins, achieved through modular, structurally related
protein-protein interaction domains of these enzymes that are
distinct from their catalytic domains (1-5). These complexes
initiate well-defined intracellular signaling pathways/cas-
cades, which in reality are not independent; rather, these
dominant routes of signal relay are linked through parallel
interactions in the network, a mode of pathway coregulation
termed crosstalk (6,7).

A common theme in intracellular signaling is that enzymes
recruited by receptors often act upon laterally mobile sub-
strates associated with the inner leaflet of the plasma mem-
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brane. Notable examples include the regulation of small,
membrane-anchored GTPases, such as those of the Ras and
Rho families, by guanine-nucleotide exchange factors (GEFs)
and GTPase-activating proteins (GAPs), and the modifica-
tion of certain lipid substrates by phospholipases C and D
and various phosphoinositide kinases. Although receptor-
mediated phosphorylation and conformational changes are
important for activation of these enzymes, the membrane
localization offered by binding to receptors or other membrane-
associated molecules is equally if not more important for their
signaling functions (8—11). A simplistic explanation is that
membrane localization brings the enzymes into close prox-
imity to their substrates; although this is the essential basis for
the rate enhancement, it does not adequately represent the
inherent complexity of the problem. The relatively slow
lateral diffusion of membrane-associated molecules often
dictates the rate of bimolecular association, and in the case of
an enzyme-catalyzed reaction, localized zones in which the
substrate is depleted and the product of the reaction is en-
riched tend to arise. Various models relevant to diffusion-
controlled binding/reaction on biological membranes and
other surfaces (12—-18), and to signal transduction reactions in
particular (19-24), have been offered.

In this article, we expand on the role of diffusion-
controlled kinetics in receptor-mediated signal transduction
reactions in cell membranes. Specifically, we introduce the
spatial coupling hypothesis, which states that simultaneous
recruitment of different enzymes to the same receptor scaf-
fold facilitates crosstalk between different signaling path-
ways through the local release and capture of activated
signaling molecules. We examine the specific case of phos-
phoinositide 3-kinase (PI3K) localization mediated by co-
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Colocalization of Signaling Pathways

operative interactions with receptors and active Ras, which
was previously considered in the absence of spatial effects
(25). These interactions involve the spatial interplay among
individual receptor, Ras, GEF, GAP, and PI3K molecules at
the plasma membrane, with PI3K acting as both a receptor-
binding protein and, as a prominent example of pathway
crosstalk, an effector of Ras (26). Ras and PI3K are centrally
involved in arguably the most important signaling pathways
governing cell proliferation and survival, and accordingly
their dysregulation figures prominently in cancer progression
(27-30). We contend that the cooperative assembly of re-
ceptor/PI3K/Ras complexes is facilitated not by the whole-
cell increase in active Ras elicited by cell stimulation, which
is often modest, but rather by the local action of a GEF bound
to the same receptor complex. In principle, the spatial cou-
pling between GEF and PI3K is achieved by two distinct
mechanisms. It might occur via a relatively long-range
mechanism whereby receptors recruit PI3K/Ras complexes,
which are more likely to form in the vicinity of receptors with
GEF bound; this mechanism is shown to be insignificant.
Instead, the dominant pathway is a short-range mechanism
whereby active Ras is first released by a receptor-bound GEF
and then captured by a PI3K molecule already associated
with the same receptor complex. Our analysis suggests that
activation of Ras and PI3K ought to be tightly colocalized for
efficient crosstalk between them.

Although the hypothesis formulated above is reasonably
intuitive, a rigorous, quantitative analysis is required to
identify the conditions that promote spatial coupling, in terms
of species concentrations, rate constants, and other relevant
parameters, and to assess the magnitude of its effect on Ras/
PI3K crosstalk. To this end, we have developed a two-
dimensional Brownian dynamics kinetic model, using methods
that build upon our previous algorithm for the efficient and
accurate handling of bimolecular association/reaction tran-
sitions (23). The algorithm was validated against continuum
theory (21) for the simple case of collision coupling, a model
mechanism analyzed in detail elsewhere (19,31,32). By
comparison, the interactions studied here are considerably
more complex and elude an analytical or compartmental
modeling description. Further, the Brownian dynamics ap-
proach allowed us to directly evaluate the probabilities of
short- and long-range interactions to further characterize the
spatial coupling mechanism.

METHODS
Molecular interaction network

The binding interactions and reactions included in our model, and their
specified rate-constant definitions, are illustrated in Fig. 1, a and b. We
consider a hypothetical receptor, loosely modeled after platelet-derived
growth factor (PDGF) receptors (33), with independent binding sites for two
cytoplasmic signaling proteins: Ras-GEF and PI3K. These are modeled after
the Grb2-Sos complex and p85-p110 (type IA) PI3Ks, respectively, which
bind with high affinity to distinct phosphotyrosine sites on PDGF receptors
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FIGURE 1 Binding/reaction network and mechanisms of receptor/PI3K/

Ras complex formation. (a) GEF (E) and PI3K (P) proteins bind from the
cytosol to independent sites on the activated receptor, and each receptor
dimer contains two of each site. GEF also binds from the cytosol to Ras-
GDP (white circles), which can result in the exchange reaction that produces
Ras-GTP (black circle). (b) Receptor-bound GEF engages Ras-GDP by
lateral association and also mediates release of Ras-GTP. Free Ras-GTP
engages cytosolic and receptor-bound PI3K, and it is converted to Ras-GDP
by a pseudo-first-order process that approximates the action of GAPs. (c) We
consider four mechanisms by which ternary receptor/PI3K/Ras complexes
are formed, depicted as if one were looking down on the inner leaflet of the
plasma membrane. Loop I is a long-range mechanism in which Ras-GTP
produced by receptor-bound GEF is bound by PI3K from the cytosol as it
diffuses away from the receptor complex; the Ras/PI3K complex is subse-
quently captured by the receptor. Loop II is a shorter-range mechanism
whereby PI3K first binds to the receptor and then captures Ras-GTP produced
by the GEF before it can diffuse a significant distance from the complex. Once
formed, the ternary complex can dissociate and rebind multiple times via the
receptor/PI3K (Loop IITA) or Ras/PI3K (Loop IIIB) linkage.

(2). In this model, we do not explicitly model the adaptor Grb2 or other
adaptors, such as Shc. Consistent with the dimerization of PDGF receptors
and other receptor tyrosine kinases, the activated receptor complex contains
two identical binding sites for each signaling protein. The other molecular
player in our model is Ras, which is anchored in the membrane via lipid
modifications and exists as a complex with either GDP or GTP. In the GDP-
bound (inactive) state, Ras may form a complex with cytosolic or receptor-
bound GEF. This complex dissociates either without producing a reaction or
with the conversion of Ras to the GTP-bound (active) state. Although guanine-
nucleotide exchange is a two-step process, with GDP release followed by
uptake of GTP from the cytosol, GDP release is known to be rate-limiting
(34,35). PI3K, from the cytosol or while bound to receptors, forms a re-
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versible complex with Ras-GTP; because PI3K interacts with receptors and
Ras via distinct subunits (26), we treat these interactions as noncompetitive,
as considered previously (25). Other Ras effectors, such as Raf and RalGDS,
are not considered here. Finally, active Ras is converted back to the GDP-
bound state by GAPs, which accelerate the GTPase activity of Ras (36). As
shown in Fig. 1 b, this enzymatic reaction is treated implicitly, characterized
by a pseudo-first-order rate constant, kgap. This aspect of the model follows
the collision-coupling mechanism analyzed in our previous work (23). As-
suming that the GAP(s) are far from saturation, kgap is equivalent to the
Vinax/Kwm of the enzyme, or the sum of such quantities in the case of multiple
GAPs. In results not shown, we also considered the binding of Ras-GAP to
receptor sites and its enzymatic action explicitly, which is readily incorpo-
rated using the modeling framework described here.

Binding from the cytosol, whether to receptors or to Ras, is governed by a
pseudo-first-order association rate constant that accounts for the cytosolic
concentration of GEF or PI3K, assumed constant as in the model by Woolf
and Linderman (22); fluctuations in local cytosolic concentrations would be
smoothed out considerably by the relatively rapid diffusion of proteins in
cytosol (10—100 wm?/s). Formation of a ternary receptor/enzyme/Ras com-
plex, on the other hand, occurs through the mutual diffusion of Ras and
receptors in the plasma membrane, considered explicitly (see below). The
lateral mobility of Ras in cells (D ~ 0.2 p,mz/s) has been characterized ex-
tensively (37—42). In accord with the modular nature of signaling protein
domains, we assume that the rates of dissociation and catalysis by enzyme/
Ras complexes are unaffected by their receptor-binding status, and likewise
the rates of enzyme dissociation from receptors are not altered by the en-
zyme’s association with Ras (Fig. 1 b). Values of the association rate con-
stants governing receptor/enzyme/Ras complex assembly satisfy detailed
balance (43). Finally, in this model, we do not explicitly consider the tyrosine
phosphorylation status of the receptor, nor do we consider the possible in-
fluence of PI3K phosphorylation by the receptor. The probability that an
unoccupied receptor site is phosphorylated is assumed constant and effec-
tively lumped into the corresponding association rate constants.

Brownian dynamics algorithm

The basis of the method has been described in detail and validated previously
(23). Far from a reactive boundary (receptor-bound enzyme), the particles
(membrane-anchored Ras) are advanced according to the first-passage-time
method (44,45). The absorbing receptor boundary is defined by a disk of
radius S, the encounter distance, assumed to be the same for all receptor- and
Ras-containing binding partners. As a particle approaches, that boundary is
taken to be approximately planar, and the probability of binding is deter-
mined according to well-known one-dimensional propagators (46). To de-
scribe all possible chemical interactions, we explicitly specify the reaction
rules, or logical statements, such that the decision is made based on the
current states of receptors and Ras particles. In this work, we have improved
the efficiency and accuracy of the algorithm by using Monte Carlo sampling
to choose the time step based on the mean reaction and first-passage times for
all possible reactions or particle random walks at the membrane. The model
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distinguishes between the two interaction modules that describe 1), spatially
independent first-order and pseudo-first-order transitions (47,48), and 2),
diffusion of and interactions between membrane-associated species (23,49).
The two modules are matched after every time step (or multiple time steps),
and then all changes associated with this time interval are made simulta-
neously. Supplemental Material, Data S1 provides a detailed description of
the algorithm, which was programmed in C. The simulations run efficiently
on regular desktop computers.

We consider the dynamics associated with a single activated receptor
complex; that is, we examine the limit where activated receptors (or, more
precisely, receptor/GEF complexes) are sufficiently dilute. It bears men-
tioning that the density of activated receptors depends on the external ligand
concentration, such that the fraction of activated receptors relative to the total
is low in many biologically relevant circumstances. In this limit, the receptor
is fixed at the center of a 5X5-um simulation box (~1% of the total plasma
membrane area of a mammalian cell), and Ras particles not associated with
the receptor complex are moved according to the mutual diffusion coeffi-
cient, D, assumed constant. The total number of Ras particles in the simu-
lation box was either 100 or 1000 (4/um? or 40/um?, respectively); these
total Ras densities are consistent with the range of measured Ras expression
levels in different cell lines (25,50-52). Periodic boundary conditions are
applied at the edges of the box; we confirmed that changing the box size does
not significantly affect the results. Moreover, it is assumed that the activated
receptor complex is sufficiently long-lived (timescale of minutes), allowing
us to focus on average properties of the system at steady state. This as-
sumption is reasonable in the case of PDGF-receptor-mediated activation of
PI3K (53), and it is consistent with the assumption of constant cytosolic
concentrations. We note that these simplifications do not reflect limitations of
the simulation approach, which can readily accommodate more detailed
models of particular systems.

Model parameters

All of the binding rate constants were scaled to produce dimensionless pa-
rameters that allow us to compare the timescales of the various processes
(Table 1). Order-of-magnitude estimates of the parameters were based on the
following guidelines. Ras diffuses freely with D = 0.2 um?/s (37); we take
this as the mutual diffusion coefficient, because receptors are typically far
less mobile. With an assumed encounter distance of S = 5 nm, the charac-
teristic diffusion rate is D/S* = 8000 s . This rate is used to scale the various
lifetimes of interactions considered in the model to yield dimensionless
lifetimes, 7. Typical values of association rate constants for signaling protein-
protein interactions are 1-100 uM ' s~ (54-56). Association rate constants
in two dimensions are often estimated by geometric considerations, assuming
a confinement layer of 3—10 nm (8,57,58). This gives rate-constant values of
0.2-60 um?/s, but orientational constraints can yield considerably higher (or
lower) values (59); we assume a value near the high end of the range. Based
on typical values of the equilibrium dissociation constant Kp, for signaling
protein-protein interactions, in the range of 1-100 nM (56,60,61), interaction
lifetimes are taken in the range of 0.01-100 s (7 ~ 10-10%). For PI3K/

TABLE 1 Model parameters expressed in dimensionless form

Parameter Definition Comments Base value
Prm kon,rM /kofe RM Affinity of receptor interaction 0.1*
TRM D/ k(,ff,RMSz Lifetime of receptor interaction 105"t
XM kon,sm/ KonrM Ratio of Ras/receptor on-rates 1*

KM Krims/D = Krm+s/xmD 2-D receptor association rate constant 100%*
Dact Kact /Kot SE GEF catalytic efficiency 0.1

TSE D/ (Kot SE +Kact)S Ras/GEF lifetime 10t

Tsp D/ ko spS? Ras/PI3K lifetime 10°
TGAP D /kGapS? Ras-GTP lifetime 10*t

*In the base case, these parameters are assigned the same value for the two enzymes, GEF (M = E) and PI3K (M = P).
tBased on D = 0.2 wm?%/s and S = 5 nm, a 1 second lifetime corresponds to 7 = 8000.
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receptor binding, the K is near the low end (high affinity) of the range (61—
63), whereas the Kp, for PI3K/Ras binding is near the high end (low affinity)
of the range (64). Typical values of catalytic rate constants, ke, (€.8., Kacr in
our model), are 1-100s ™', and typical values of Michaelis constants, Kyr, for
enzymes are in the range of 1-100 uM, consistent with kinetic analyses of
Ras GEFs and GAPs (35,55,65,66). Based on the range of association rate
constants cited above, this gives lifetimes of enzyme-substrate complexes in
the broad range of 107*~1 s (7 ~ 1-10*). The lifetime of the GEF/Ras in-
teraction is likely to be near the low end of the range, because GEFs have a
very low affinity for nucleotide-bound Ras and are rapidly displaced by GTP
after GDP release (34,35).

Analysis of the model

We introduce four steady-state metrics used to characterize our simulation
results. The first is Ty, the fractional occupancy of the receptor site for
molecule M (E (GEF) or P (PI3K)):

Ty = ZIRM,i/lum ()

where tgy; is the lifetime of the receptor/M complex that has been formed as
a result of the ith binding event, and #, is the total simulation time. The
second metric, My, is defined as the fraction of receptor/M binding events
that occur via lateral association of a Ras/M complex in the membrane:

My = nR+MS/nR+M,tol7 2

where 71y ;s is the number of Ras-mediated associations of molecule M with
its receptor site, and and 71g 1\ o1 1S the total number of receptor/M association
events. The quantity (1 — M) is the fraction of receptor/M binding events
that occur via recruitment of molecule M from the cytosol. We note that Ty
and M\, are equivalent for each of the two independent GEF or PI3K binding
sites in the receptor dimer; further, My and Ty are related directly to one
another, as shown below. These quantities can be manipulated in various
ways. For example, the average frequency of PI3K binding from the cytosol to
each receptor site is calculated as ko rp(1 — T'p), that of all PI3K binding
events to a receptor site is kop rp(1 — Tp) /(1 — Mp), and that of Ras-mediated
binding of PI3K to each receptor site is given by kon rp(1 — Tp)Mp /(1 — Mp).
All receptor/PI3K encounters dissociate with frequency kog.rp, and thus the
overall frequency of such dissociation events is given by koprrplp. At steady
state, the overall rates of receptor/M binding and dissociation are in balance,
yielding the following relationship between Ty and My

Ty = ¢RM/(1 + d)RM - MM)' 3)

In this article, Ty and My, were both determined from the simulation results,
and the validity of Eq. 3 was later confirmed.

The third metric is Cgp, defined as the GEF/PI3K coincidence ratio, which
compares the probability of finding GEF and PI3K molecules bound to the
same receptor dimer to the probability of such a complex forming by inde-
pendent binding events:

CEP - TEP/TI,ETI”; (4)

where Tgp is the fraction of the total simulation time in which the receptor
dimer has at least one GEF and one PI3K molecule bound, and T{vI =
Tm(2 — Ty) is the fraction of the time during which the receptor dimer has at
least one M molecule bound. When Cgp = 1, the binding of GEF and PI3K
are uncorrelated, whereas when Cgp > 1, the binding of GEF and PI3K are
positively correlated.

Last, we define aggr as the dimensionless rate of Ras activation by GEF,
given by

ager = Ny /{Nopp)Dtie, ()

where n, denotes the number of such activation events (parsed according to
whether the GEF is receptor-bound or not when the reaction occurs), A is the
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area of the simulation box, and (Ngpp) is the number of inactive Ras
molecules averaged over the simulation time. We note that, by comparison
with the effective rate constant invoked in earlier studies (19,23), this
definition is not normalized by the fraction of the time that the receptor is
“‘on’’; in our model, dividing aggr for the receptor-bound GEF by Tﬁ yields
an approximate analog.

To facilitate the analysis further, we distinguish between three mecha-
nisms by which a ternary receptor/PI3K/Ras complex can form (Fig. 1 ¢).
Loop I is a relatively long-range mechanism whereby Ras is bound by PI3K
from the cytosol, and the laterally mobile Ras/PI3K complex is captured by
the receptor. Loop Il is a shorter-range mechanism whereby unoccupied Ras
is captured by PI3K that is already bound to the receptor. Finally, Loop III,
the shortest-range mechanism, accounts for fast rebinding; either PI3K dis-
sociates from the receptor in complex with Ras, and the Ras/PI3K complex
rebinds (Loop IIIA), or Ras dissociates from and then rebinds receptor-bound
PI3K (Loop IIIB). Loops I and IIIA contribute to the Ras-mediated binding
of PI3K to receptors as quantified by Mp (Eq. 2).

RESULTS

Interactions between enzymes and
membrane-associated substrates tend to
stabilize receptor/enzyme complexes: analysis
of GEF-mediated Ras activation

Before analyzing the spatial coupling mechanism, which is
the main focus of this work, we begin with a brief charac-
terization of the GEF reaction. For the base-case parameter
values considered here, the activity of receptor-bound GEF is
in the diffusion-controlled regime. Thus, during the associ-
ation of a GEF enzyme in complex with the receptor, a high
fraction (>80% according to continuum theory) of the Ras
particles close to the receptor complex are found in the GTP-
bound form, whereas a much smaller Ras-GTP fraction
(<1%) is found far from the receptor. This localized en-
richment of Ras-GTP (or, more precisely, of Ras-GTP gen-
eration events) is an important concept to be developed in the
analysis of spatial coupling to follow.

In previous work, we applied the Brownian dynamics ap-
proach to a well studied, idealized model of signaling protein
activation, the collision-coupling mechanism (23). Applied to
the Ras system, that model posits that GEF association with a
receptor is turned ‘‘on’’ and *‘off’” according to first-order rate
constants, Ras-GTP is formed by second-order reaction be-
tween the receptor-GEF complex and Ras-GDP particles
(GEF/Ras binding assumed to be far from saturation), and the
average lifetime of the Ras-GTP state is determined by a first-
order rate constant that encapsulates the activity of GAPs. By
comparison, the model described here accounts for receptor/
GEF and Ras/GEF interactions explicitly, whereas GAP activity
remains implicit. If the major purpose of receptor-mediated
recruitment of GEF activity to the membrane is to enhance its
access to Ras-GDP (67), then at least in terms of binding
equilibria it follows from detailed balance that the interaction
between GEF and Ras-GDP ought to facilitate receptor/GEF
binding. This effect, not accounted for in previous models, is a
direct outcome of the modular protein domains used by sig-
naling enzymes for catalytic and noncatalytic interactions.
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The cooperative binding effect in GEF recruitment was
evaluated as a function of the dimensionless lifetime of the
Ras/GEF complex, 7sg, and the catalytic efficiency param-
eter, ¢, (Fig. 2). Varying 7gg effectively changes the Mi-
chaelis constant, Ky;, of the enzyme-substrate pair while
holding the catalytic efficiency, k.,/Ky, constant, whereas
varying ¢, has the opposite effect. In the limit of low 7gg, as
in the base case (tsg = 10), essentially all receptor/GEF as-
sociations occur from the cytosol; the fractional occupancy of
each GEF-binding site on the receptor, Tg (Eq. 1), is ap-
proximated by Tgo = ¢rp/(1+¢gg) in this limit. Under
these conditions, the GEF-mediated production of Ras-GTP
is modeled effectively using continuum theory (21,23). As
Tsg 1s increased, Ty increases alongside the fraction of re-
ceptor/GEF associations mediated by Ras, Mg (Eq. 2); in fact,
the increase in T is directly related to the value of Mg via Eq.
3 (Fig. 2 a). At lower values of Tsg (<10%), the overall di-
mensionless Ras activation rate, aggr (Eq. 5), is around three
times higher than that seen in the absence of receptor/GEF
binding, which is typical of the fold-increase in overall Ras-
GTP levels seen in response to growth factor stimulation;
there is a modestly positive relationship between aggr and
Tsg in this regime, attributed to the increase in Tg (Fig. 2 b).
At higher values of 7gg (lower Ky, and k.,,), we see enzyme
saturation effects, and the overall rate vanishes. Reducing the
value of ¢,, which increases the fraction of nonproductive
interactions between GEF and Ras-GDP, also has this effect,
and there is a corresponding increase in T and Mg (Fig. 2, ¢
and d). We conclude that although the binding of Ras-GDP
tends to stabilize receptor/GEF interactions, GEF enzymatic
activity in the diffusion-controlled regime mitigates this ef-
fect by depleting Ras-GDP locally.

Spatial coupling between GEF and PI3K
recruitment by the same receptor scaffold
enhances Ras/PI3K crosstalk

The next progression in our model analysis is to add PI3K
and its interactions with the activated receptor and Ras-GTP
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to test the spatial coupling mechanism, whereby efficient
formation of receptor/PI3K/Ras complexes depends on the
local release of Ras-GTP from the receptor complex. To
simplify the analysis, PI3K was given the same receptor
binding properties as the GEF (¢rp = ¢rg = 0.1, Trp =
TRE = 10°, kp = kg = 100), and the lifetime of the Ras/PI3K
interaction, Tgp, was varied (Fig. 3). As seen in the case of
GEF recruitment, the fractional occupancy of receptor
binding sites for PI3K, Tp, is enhanced as 7gp is increased
(Fig. 3 a), in tandem with the fraction of receptor/PI3K as-
sociations mediated by Ras, Mp (Fig. 3 b). The difference
here is that PI3K is engaged by the GTP-bound form of Ras,
an interaction that relies on the action of the receptor-bound
GEF.

To demonstrate the spatial coupling effect, we compared
the simulation results with a bulk activation model, in which
Ras-GDP particles are randomly converted to Ras-GTP with
a constant probability chosen to match the overall rate in the
regular simulation. This simpler model permits an analytical
solution (Data S2), which was found to be in good agreement
with the corresponding simulations. As expected, the move
from localized to global Ras activation means that a higher
Ras/PI3K affinity, by as much as an order of magnitude under
these conditions, is needed to achieve the same values of Tp
and Mp (Fig. 3 b). With the base-case value of 7gp (75p =
10%), the spatial coupling effect yields a threefold higher ratio
of Ras/PI3K versus cytosolic PI3K binding to receptor sites,
Mp /(1 — Mp), as compared with the bulk activation model.
We will subsequently show that the magnitude of the spatial
coupling effect can be improved upon substantially de-
pending on the model parameters.

The influence of locally produced Ras-GTP suggests that
PI3K binding should be positively correlated with the pres-
ence of GEF in the receptor complex. This was assessed
using the coincidence ratio, Cgp (Eq. 4). When Cgp = 1, the
probability of forming a receptor complex containing both
GEF and PI3K is random, determined from the product of the
probability of finding at least one GEF and the probability of
finding at least one PI3K molecule bound to the receptor.
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FIGURE 3 Spatial coupling of GEF and PI3K binding to the same
receptor scaffold enhances PI3K recruitment. Various statistical metrics
were calculated as a function of the Ras/PI3K complex lifetime, 7sp; other
relevant parameters were set to their base-case values (Table 1), and Ng,s =
1000. (a) Fractional occupancy of the receptor binding sites for PI3K, Tp.
For comparison, a second set of simulations was acquired using a bulk
activation model, where receptor-bound GEF is catalytically silent, and its
average rate of Ras activation is replaced by spontaneous conversion of Ras-
GDP to Ras-GTP in the bulk membrane. The solid line is the analytical
solution for the bulk activation model (Data S2). (b) Fraction of receptor/
PI3K associations mediated by Ras, Mp. (¢) Coincidence ratio for simulta-
neous GEF and PI3K binding to the receptor, Cgp (Eq. 4).

When Cgp > 1, the presence of both GEF and PI3K occurs
with higher-than-random probability, and the interactions are
positively correlated. Under the conditions tested, it was
found that GEF and PI3K interactions with receptors are
indeed correlated, but only at intermediate values of 7sp (Fig.
3 ¢). With low 7gp, there are very few receptor/PI3K asso-
ciations mediated by Ras, whereas with high 7sp, the prob-
ability of finding at least one PI3K bound to the receptor is
high: Tp = Tp(2 — Tp) = 1. Ateither extreme, PI3K and GEF
interactions with the receptor are uncorrelated. In the bulk
activation model described above, where receptor-bound
GEF is catalytically silent, it was confirmed that Cgp ~ 1 at
all values of 7gp (data not shown). These results suggest that
what is important for Ras/PI3K crosstalk is not the whole-cell
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level of Ras-GTP, which often increases only modestly upon
receptor stimulation, but rather the correlated binding of GEF
and PI3K to the same receptor scaffold.

The spatial coupling effect is dominated by
short-range, release-and-capture interactions
and is characterized by a high efficiency of
capture and recapture

Analysis of the simulations described in the previous section
shed further light on the mechanisms by which ternary re-
ceptor/PI3K/Ras complexes form. These complexes form
initially in one of two ways: either PI3K binds Ras-GTP from
the cytosol, and the Ras/PI3K complex is then captured by
the receptor, or PI3K binds the receptor and then captures a
free Ras-GTP (Fig. 1 ¢, Loops I and II, respectively). Once
formed, the ternary complex is stabilized through recapture
of Ras/PI3K and Ras-GTP that dissociate from the complex
(Fig. 1 ¢, Loops IIIA and IIIB, respectively).

The frequencies of the ternary complex formation mech-
anisms were quantified from simulation results (Fig. 4). As
expected, the longer-range Loop I generally occurs very
rarely; receptor/PI3K/Ras complexes are nearly always ini-
tially formed with PI3K binding to the receptor first and then
capturing Ras-GTP (Loop II). As receptor binding sites for
PI3K become increasingly saturated (T ~ 1), the frequency
of Loop II decreases in favor of the rapid rebinding events,
Loops IITA and IIIB. The prevalance of Loop IIIA versus IIIB
is determined by the frequencies of the respective dissocia-

tion events (compare Tgp and Tgp, respectively) and their
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FIGURE 4 Quantification of receptor/PI3K/Ras complex formation mech-
anisms: the spatial coupling effect is dominated by short-range, release-and-
capture interactions. For the simulations shown in Fig. 3, the average
frequency of receptor/PI3K/Ras complex formation (total events/total time)
was computed and categorized according to the mechanisms depicted in Fig.
1 c. The asterisks indicate the frequency of Loop IIIB multiplied by the ratio
Tsp/Trp, for comparison to the frequency of Loop IIIA.

Biophysical Journal 95(5) 2172-2182


http://www.biophysj.org/cgi/data/biophysj.108.128892/DC1/2

2178

probabilities of recapture (which are both close to 1 under
these conditions). Across much of the range of 7gp values, we
find that the ratio of rebinding events (Loops IIIA and IIIB)
to ternary complex formation events (Loops I and IT) is ~30—
50. That is, a receptor/PI3K/Ras complex dissociates and
rebinds ~30-50 times on average before dissociating com-
pletely, corresponding to a capture efficiency of 97-98%.
Clearly, serial recapture is necessary for a high fractional
occupancy Tp in these simulations, because Ras-GTP is only
actively produced 19% of the time (the fraction of the time
that at least one GEF molecule is associated with the recep-
tor). For sufficiently high 7sp (7sp =~ 3 X 10° or greater), the
effective lifetime of the ternary complex exceeds the average
duration of receptor/GEF association, which further explains
why the PI3K and GEF interactions with the receptor are
uncorrelated (Cgp =~ 1) when 7gp is high.

We conclude that when the capture of both Ras/PI3K
by the receptor and Ras-GTP by receptor-bound PI3K are
diffusion-controlled, short-range interactions are favored; a
laterally mobile species that has just been released from the
receptor complex (as in all of the mechanisms except Loop I)
is in the most advantageous position for capture. Thus, spatial
coupling is characterized not only by enhanced assembly of
ternary receptor/PI3K/Ras complexes but also by serial re-
capture events that extend the duration of PI3K localization at
the membrane.

Conditions promoting spatial coupling:
diffusion-controlled capture of Ras-GTP by
receptor-bound PI3K is essential, but receptor-
bound GEF activity does not need to

be diffusion-controlled

Having established that significant spatial coupling between
Ras-GTP release and PI3K recruitment by receptors is
plausible, we sought to define parameter conditions that
foster the effect (Fig. 5). First, there is the effect of modu-
lating the overall density of Ras. Reducing Ng,s by 10-fold
yields a corresponding scale-down in the number of Ras-GTP
generation events and average density of Ras-GTP, but the
fraction of receptor/PI3K associations mediated by Ras (Mp)
is reduced somewhat modestly; the frequency of receptor/
PI3K/Ras assembly is reduced by only about threefold (re-
sults not shown). This insensitivity is readily understood
based on the previous analysis. When there is at least one
GEF bound to the receptor, there is a saturation effect in that
the Ras-GTP released can only be captured by as many as two
receptor-bound PI3K molecules. Relative to the bulk acti-
vation model, in which the ratio Mp/(1 — Mp) tracks the
overall rate of Ras-GTP generation (Data S2), the spatial
coupling effect is magnified at lower Ng,.

In addition to the rate of Ras-GTP release, we also sys-
tematically varied those properties of PI3K that were not
explored in Fig. 3: ¢rp, Trp, Xp, and kp (Table 1). Varying
¢rp, for example by changing the concentration of PI3K in
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FIGURE 5 Conditions promoting spatial coupling: diffusion-controlled
capture of Ras-GTP by receptor-bound PI3K is essential, but receptor-bound
GEF activity does not need to be diffusion-controlled. All parameter changes
are relative to the base case, with parameter values from Table 1 and Ng,s =
1000. The black columns report the fraction of receptor/PI3K associations
mediated by Ras, Mp. The two-tone columns report the overall rate of Ras-
GTP production, normalized by the base-case value and broken down in
terms of the contributions from receptor-bound GEF (gray) and cytosolic
GEF (white).

the cytosol, is relatively uninteresting (results not shown). It
modulates the basal value of Tp but has a negligible effect on
Mp, as PI3K binding to the receptor from the cytosol and Ras-
mediated PI3K/receptor associations (dominated by rebind-
ing events) are modulated in tandem. With ¢rp constant, a
decrease in the value of Trp increases the rates of PI3K/re-
ceptor association and dissociation by the same factor. By
increasing the ‘‘sampling’’ rate, Mp is significantly enhanced
(Fig. 5). The basis for this enhancement is related to the
probability that PI3K binds to a receptor from the cytosol
while a GEF molecule is associated with the complex and
actively producing Ras-GTP. Indeed, the coincidence ratio,
Cgp, is much higher (~2) than for the base case (~1.4). The
other parameters, yp and kp, directly affect the efficiency of
capture/recapture and thus impact Mp in expected ways (Fig.
5). With kp = 1, the interactions are still partially diffusion-
controlled, with an apparent capture efficiency of ~40%, but
this translates to an effective lifetime of the receptor/PI3K/
Ras complex that is shorter by ~20-fold ((1-0.4)/(1-0.97));
thus, PI3K recruitment is significantly reduced.

In contrast with the interactions involving PI3K, it is less
critical that the action of receptor-bound GEF on Ras-GDP
is diffusion-controlled, as modulated by the parameter kg
(Fig. 5). When kg is reduced by 100-fold, with ygkgd,./
(1+¢,) = 0.09, the rate of Ras-GTP production by receptor-
bound GEEF is reduced by a factor of 13 compared with the
diffusion-controlled value, and overall the rate of Ras-GTP
production is reduced by a factor of almost 3. The value of Mp
obtained in this case still clearly outperforms that of the bulk
activation model, which, based on the change in Ras-GTP
production rate, is ~0.1. In this case, the Ras-GTP generated
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in the bulk membrane comprises ~86% of the Ras-GTP, but
the receptor-mediated contribution remains more important,
because those Ras-GTP molecules are released locally.
Comparison with the Ng,; = 100 case, which yields a similar
value of Mp, but with a much lower rate of Ras-GTP pro-
duced in the ‘‘bulk’’ membrane, confirms this interpretation.

These results demonstrate that the degree to which PI3K
interactions at the membrane are diffusion-controlled mat-
ters, because it affects the capture of Ras-GTP produced by
receptor-bound GEF and, more importantly, the average
number of recapture events. The degree of diffusion control
in the interaction of receptor-bound GEF with Ras-GDP, on
the other hand, influences PI3K recruitment only to the extent
that it affects the rate of Ras-GTP release from the receptor
complex.

How effective is GAP activity in regulating Ras/
PI3K crosstalk?

In the context of our model, GAP activity determines the
lifetime of Ras-GTP, embodied in the parameter 7gap, Which
affects PI3K by modulating the spatial range of Ras-GTP
released by receptor-bound GEF. This parameter was varied
to assess its impact on Ras/PI3K crosstalk (Fig. 6). As one
might expect, increasing this lifetime has a positive effect on
Tp and Mp (Fig. 6 a). A simple explanation is that the total
number of Ras-GTP particles in the system is increased;
however, in quantitative terms, it is apparent that the sensi-
tivities of the various metrics to changes in 7gap are relatively
modest. For example, as the value of Tgap is increased over
four logs, there is an ~30% reduction in the Ras activation
rate (aggr) mediated specifically by receptor-bound GEF
(Fig. 6 b), in addition to a constant background value from
binding of cytosolic GEF. This dependence is well under-
stood from, and is in quantitative agreement with, the con-
tinuum theory (21,23). In the low 7gap limit, with the vast
majority of Ras particles GDP-bound, increasing 7gap from
10° to 10* yields an overall change in the average number of
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receptor-generated Ras-GTP particles of approximately
eightfold. By comparison, the ratio of Ras/PI3K versus cy-
tosolic PI3K binding to receptor sites, Mp/(1 — Mp), in-
creases by only ~30%, in conjunction with the frequency
of Loop IIIA recapture events (Fig. 6 ¢). In the large Tgap
limit, we note that most of the Ras particles are in the GTP-
bound form, even when GEF is not bound. Accordingly,
capture of Ras-GTP from the bulk becomes more prominent
(with Tp approaching the value calculated from the bulk
activation model (results not shown)), and the interactions
of GEF and PI3K with the receptor are uncorrelated in this
limit (Cgp =~ 1, Fig. 6 d). This situation mimics the action
of oncogenic, GTPase-deficient Ras mutants such as G12V
and Q61L.

We conclude that GAP regulation of Ras, which dictates
the size of the Ras-GDP depletion/Ras-GTP enrichment
zone, predominantly affects long-range interactions. Pro-
vided that most of the total Ras remains in the GDP-bound
state, it matters little whether or not the Ras-GTP profiles
surrounding neighboring receptor complexes partially over-
lap, because spatial coupling is dictated by processes that
occur at a much smaller spatial range. This finding might
attach additional importance to the direct binding of p120
RasGAP to PDGF receptors (2) and certain other tyrosine-
phosphorylated receptors. We have performed simulations
incorporating this effect, and the conclusions are fairly in-
tuitive; by capturing and consuming Ras-GTP released by
receptor-bound GEF, the rate of Ras-GTP release is effec-
tively reduced (results not shown). The consequences of this
finding for spatial coupling are well understood based on the
analysis presented in the preceding sections.

DISCUSSION

Analysis of a Brownian dynamics model allowed us to
characterize a potential mechanism for enhancing crosstalk
between Ras and PI3K and other pairs of signaling proteins.
The hallmark of this mechanism, termed spatial coupling, is
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that the receptor/scaffold engages an enzyme (GEF) that
modifies a membrane-anchored molecule (Ras), which, in
cooperation with the receptor or another member of the re-
ceptor complex, mediates the recruitment of a signaling pro-
tein with modular domains for interacting with both binding
partners (PI3K). For the resulting effect on PI3K recruitment
to be significant, it is important that the interactions at the
membrane involving PI3K are diffusion-controlled. Thus, the
assembly of receptor/PI3K/Ras complexes occurs through
short-range capture of Ras-GTP, and, more importantly, the
complexes are stabilized by serial recapture events. The re-
sults further suggest that what is important for Ras/PI3K
crosstalk is not the whole-cell level of Ras-GTP, which often
increases only modestly upon receptor stimulation, but rather
the presence of GEF and PI3K in the same receptor complex
and the rate of local Ras-GTP release. Put another way, spatial
coupling effectively converts collisions between the receptor
complex and Ras-GDP into opportunities for capture of Ras-
GTP by PI3K, rather than relying on rare collisions with Ras-
GTP diffusing from the bulk membrane.

Under certain conditions, the model predicts that the co-
incident interactions of GEF and PI3K with the same receptor
scaffold are positively correlated, which might be important
for spatially coordinating the functions and coregulation of
the Ras and PI3K pathways. It could also form a basis for
testing the spatial coupling hypothesis by experiment. In
principle, one could estimate the quantitites that determine
the coincidence metric, Cgp (Eq. 4), through quantitative
cross-linking and immunoprecipitation or by comparing in-
tensities of fluorescence resonance energy transfer between
labeled binding partners in cells (68). These measurements
are extraordinarily difficult, however, and it seems unlikely
that three independently measured ratios could be reliably
combined to estimate the value of Cgp at the requisite level of
precision. A more sensible strategy might be to coexpress
equal numbers of mutant receptors that lack the ability to bind
Grb2-Sos or PI3K in cells, which would be expected to yield
lower levels of PI3K signaling than in cells expressing the
same number of wild-type receptors. The challenging aspect
of this approach would be the need to establish equal num-
bers of Grb2-Sos and PI3K binding sites and confirm equal
Ras-GTP loading across the two conditions.

Whereas enrichment of Ras-GTP in the vicinity of the
receptor promotes Ras/PI3K crosstalk, we showed that it also
negates the opportunity for stabilization of the receptor/GEF
complex via association with Ras-GDP. It is interesting that
in the case of the Ras-specific GEF Sos, structural and bio-
chemical analyses have indicated that Sos also interacts with
Ras-GTP via a distinct structural motif (69), an interaction
not considered in the model presented here. In addition to
enhancing the GEF activity allosterically, this interaction
would tend to stabilize receptor/Grb2-Sos binding. Thus,
localized release and capture of Ras-GTP might influence
GEF recruitment in the same manner as postulated for PI3K,
with one key difference: unlike receptor/PI3K binding, re-
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ceptor/GEF binding is perfectly correlated with local pro-
duction of Ras-GTP.

Although we have focused this study on mechanisms of
Ras/PI3K crosstalk, many other signaling processes could
be facilitated by short-range interactions that result in the
cooperative assembly of multimolecular complexes at the
plasma membrane. Just as the modification of membrane-
anchored molecules by receptor-binding enzymes is a com-
mon theme in signal transduction, we find it plausible that the
spatial coupling of different enzyme recruitment events,
mediated by otherwise independent binding sites on the same
receptor, adaptor, or scaffold protein, is a prominent mech-
anism for the propagation of specific signaling pathways and
interpathway crosstalk. In addition to the receptor/PI3K/Ras
system analyzed here, other complexes that might form in a
similar fashion include receptor/Gab1/PI(3,4,5)P5, focal ad-
hesion complex/PI3K/Rac, and Gitl/Pak/Rac.

This model invokes a number of simplifying assumptions,
which can be relaxed as needed in the Brownian dynamics
framework. Arguably, the most significant limitation of the
model is that it does not consider the compartmentalization of
the plasma membrane. The lateral mobilities of Ras and other
membrane-anchored molecules are much faster on the mi-
croscopic scale than on the macroscopic scale, in a manner
consistent with hop diffusion of Ras between adjacent corrals
(39,40). We have previously suggested that this is a mecha-
nism by which Ras-GTP might be concentrated for enhanced
formation of receptor/PI3K/Ras complexes (25). Roughly
speaking, this scenario leads to a situation in which the
““‘complex’’ releasing and capturing Ras-GTP and Ras/PI3K
is not the activated receptor, but rather the entire corral con-
taining the receptor. We are currently analyzing the quanti-
tative implications of this. A complete model might also
consider the clustering of Ras-GTP at the plasma membrane,
which seems to be mediated by interactions with galectin
proteins (70). Clearly, the organization of the plasma mem-
brane and membrane-anchored proteins is a complex and
important layer of spatial control in receptor-mediated signal
transduction that warrants further characterization through
biophysical experiments and modeling.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this
article, visit www.biophysj.org.

This work was supported by the National Institutes of Health (grant RO1-
GMO067739) and the Cell Migration Consortium (grant US4-GM064346
from NIGMS).

REFERENCES

1. van der Geer, P., T. Hunter, and R. A. Lindberg. 1994. Receptor
protein-tyrosine kinases and their signal transduction pathways. Annu.
Rev. Cell Biol. 10:251-337.


http://www.biophysj.org/cgi/content/full/biophysj.108.128892/DC1

Colocalization of Signaling Pathways

2.

Claesson-Welsh, L. 1994. Platelet-derived growth factor receptor
signals. J. Biol. Chem. 269:32023-32026.

. Pawson, T., and J. D. Scott. 1997. Signaling through scaffold,

anchoring, and adaptor proteins. Science. 278:2075-2080.

. Schlessinger, J. 2000. Cell signaling by receptor tyrosine kinases. Cell.

103:211-225.

. Pawson, T. 2004. Specificity in signal transduction: from phosphotyr-

osine-SH2 domain interactions to complex cellular systems. Cell.
116:191-203.

. Bray, D. 1990. Intracellular signaling as a parallel distributed process.

J. Theor. Biol. 143:215-231.

7. Hunter, T. 2000. Signaling: 2000 and beyond. Cell. 100:113-127.
8. McLaughlin, S., and A. Aderem. 1995. The myristoyl-electrostatic

10.

11.

12.

13.

15.

16.

20.

21.

22.

23.

24.

25.

26.

switch: a modulator of reversible protein-membrane interactions.
Trends Biochem. Sci. 20:272-276.

. Haugh, J. M., and D. A. Lauffenburger. 1997. Physical modulation of

intracellular signaling processes by locational regulation. Biophys. J.
72:2014-2031.

Kholodenko, B. N., J. B. Hoek, and H. V. Westerhoff. 2000. Why
cytoplasmic signalling proteins should be recruited to cell membranes.
Trends Cell Biol. 10:173-178.

McLaughlin, S., J. Y. Wang, A. Gambhir, and D. Murray. 2002. PIP,
and proteins: interactions, organization, and information flow. Annu.
Rev. Biophys. Biomol. Struct. 31:151-175.

Adam, G., and M. Delbriick. 1968. Reduction of dimensionality in
biological diffusion processes. In Structural Chemistry and Molecular
Biology. A. Rich and N. Davidson, editors. W.H. Freeman, San Fransisco.
198-215.

Berg, H. C., and E. M. Purcell. 1977. Physics of chemoreception.
Biophys. J. 20:193-219.

. Freeman, D. L., and J. D. Doll. 1983. The influence of diffusion on

surface reaction kinetics. J. Chem. Phys. 78:6002—6009.

Keizer, J., J. Ramirez, and E. Peacock-Lopez. 1985. The effect of
diffusion on the binding of membrane-bound receptors to coated pits.
Biophys. J. 47:79-88.

Goldstein, B., C. Wofsy, and H. Echavarria-Heras. 1988. Effect of
membrane flow on the capture of receptors by coated pits: theoretical
results. Biophys. J. 53:405-414.

. Berry, H. 2002. Monte Carlo simulations of enzyme reactions in two

dimensions: fractal kinetics and spatial segregation. Biophys. J. 83:
1891-1901.

. Saxton, M. J. 2002. Chemically limited reactions on a percolation

cluster. J. Chem. Phys. 116:203-208.

. Shea, L. D., G. M. Omann, and J. J. Linderman. 1997. Calculation of

diffusion-limited kinetics for the reactions in collision coupling and
receptor cross-linking. Biophys. J. 73:2949-2959.

Molski, A. 2000. A model of diffusion-influenced enzyme activation.
J. Phys. Chem. B. 104:4532-4536.

Haugh, J. M. 2002. A unified model for signal transduction reactions in
cellular membranes. Biophys. J. 82:591-604.

Woolf, P. J., and J. J. Linderman. 2003. Untangling ligand induced
activation and desensitization of G-protein-coupled receptors. Biophys. J.
84:3-13.

Monine, M. I, and J. M. Haugh. 2005. Reactions on cell membranes:
comparison of continuum theory and Brownian dynamics simulations.
J. Chem. Phys. 123:074908.

Mayawala, K., D. G. Vlachos, and J. S. Edwards. 2006. Spatial modeling
of dimerization reaction dynamics in the plasma membrane: Monte Carlo
vs. continuum differential equations. Biophys. Chem. 121:194-208.
Kaur, H., C. S. Park, J. M. Lewis, and J. M. Haugh. 2006. Quantitative
model of Ras/phosphoinositide 3-kinase signalling cross-talk based on
co-operative molecular assembly. Biochem. J. 393:235-243.
Rodriguez-Viciana, P., P. H. Warne, R. Dhand, B. Vanhaesebroeck, 1.
Gout, M. J. Fry, M. D. Waterfield, and J. Downward. 1994. Phospha-
tidylinositol-3-OH kinase as a direct target of Ras. Nature. 370:527-532.

217.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

2181

Rameh, L. E., and L. C. Cantley. 1999. The role of phosphoinositide
3-kinase lipid products in cell function. J. Biol. Chem. 274:8347-8350.
Katso, R., K. Okkenhaug, K. Ahmadi, S. White, J. Timms, and M. D.
Waterfield. 2001. Cellular function of phosphoinositide 3-kinases:
implications for development, immunity, homeostasis, and cancer.
Annu. Rev. Cell Dev. Biol. 17:615-675.

Campbell, P. M., and C. J. Der. 2004. Oncogenic Ras and its role in
tumor cell invasion and metastasis. Semin. Cancer Biol. 14:105-114.

Mitin, N., K. L. Rossman, and C. J. Der. 2005. Signaling interplay in
Ras superfamily function. Curr. Biol. 15:R563-R574.

. Tolkovsky, A. M., and A. Levitzki. 1978. Mode of coupling between

the B-adrenergic receptor and adenylate cyclase in turkey erythrocytes.
Biochemistry. 17:3795-3810.

Stickle, D., and R. Barber. 1996. Collisions and encounters in simu-
lations of receptor/GTP-binding protein interactions via simple diffu-
sion. Biochim. Biophys. Acta. 1310:242-250.

Heldin, C.-H., and B. Westermark. 1999. Mechanism of action and
in vivo role of platelet-derived growth factor. Physiol. Rev. 79:1283—
1316.

Lai, C. C., M. Boguski, D. Broek, and S. Powers. 1993. Influence of
guanine nucleotides on complex formation between Ras and Cdc25
proteins. Mol. Cell. Biol. 13:1345-1352.

Lenzen, C., R. H. Cool, H. Prinz, J. Kuhlmann, and A. Wittinghofer.
1998. Kinetic analysis by fluorescence of the interaction between Ras
and the catalytic domain of the guanine nucleotide exchange factor
Cdc25M™, Biochemistry. 37:7420-7430.

Scheffzek, K., M. R. Ahmadian, W. Kabsch, L. Wiesmiiller, A.
Lautwein, F. Schmitz, and A. Wittinghofer. 1997. The Ras-RasGAP
complex: structural basis for GTPase activation and its loss in onco-
genic Ras mutants. Science. 277:333-338.

Niv, H., O. Gutman, Y. I. Henis, and Y. Kloog. 1999. Membrane
interactions of a constitutively active GFP-Ki-Ras 4B and their role in
signaling. J. Biol. Chem. 274:1606-1613.

Niv, H., O. Gutman, Y. Kloog, and Y. I. Henis. 2002. Activated K-Ras
and H-Ras display different interactions with saturable nonraft sites at
the surface of live cells. J. Cell Biol. 157:865-872.

Lommerse, P. H. M., G. A. Blab, L. Cognet, G. S. Harms, B. E. Snaar-
Jagalska, H. P. Spaink, and T. Schmidt. 2004. Single-molecule imaging
of the H-Ras membrane-anchor reveals domains in the cytoplasmic
leaflet of the cell membrane. Biophys. J. 86:609-616.

Murakoshi, H., R. Iino, T. Kobayashi, T. Fujiwara, C. Ohshima, A.
Yoshimura, and A. Kusumi. 2004. Single-molecule imaging analysis of
Ras activation in living cells. Proc. Natl. Acad. Sci. USA. 101:7317-7322.

Lommerse, P. H. M., B. E. Snaar-Jagaiska, H. P. Spaink, and T.
Schmidt. 2005. Single-molecule diffusion measurements of H-Ras at
the plasma membrane of live cells reveal microdomain localization
upon activation. J. Cell Sci. 118:1799—1809.

Lommerse, P. H. M., K. Vastenhoud, N. J. Pirinen, A. I. Magee, H. P.
Spaink, and T. Schmidt. 2006. Single-molecule diffusion reveals
similar mobility for the Lck, H-Ras, and K-Ras membrane anchors.
Biophys. J. 91:1090-1097.

Mahan, B. H. 1975. Microscopic reversibility and detailed balance: an
analysis. J. Chem. Educ. 52:299-302.

Torquato, S., and I. C. Kim. 1989. Efficient simulation technique to
compute effective properties of heterogeneous media. Appl. Phys. Lett.
55:1847.

Zheng, L. H.,and Y. C. Chiew. 1989. Computer simulation of diffusion-
controlled reactions in dispersions of spherical sinks. J. Chem. Phys.
90:322-327.

Lamm, G., and K. Schulten. 1981. Extended Brownian dynamics
approach to diffusion-controlled processes. J. Chem. Phys. 75:365-371.

Gillespie, D. T. 1977. Exact stochastic simulation of coupled chemical
reactions. J. Phys. Chem. 81:2340-2361.

Yang, J., M. I. Monine, J. R. Faeder, and W. S. Hlavacek. 2007.
Kinetic Monte Carlo method for rule-based modeling of biochemical
networks. arXiv:0712.3773v1.

Biophysical Journal 95(5) 2172-2182



2182

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

van Zon, J. S., and P. R. ten Wolde. 2005. Simulating biochemical
networks at the particle level and in time and space: Green’s function
reaction dynamics. Phys. Rev. Lett. 94:128103.

Scheele, J. S., J. M. Rhee, and G. R. Boss. 1995. Determination of
absolute amounts of GDP and GTP bound to Ras in mammalian cells:
comparison of parental and Ras-overproducing NIH 3T3 fibroblasts.
Proc. Natl. Acad. Sci. USA. 92:1097-1100.

Haugh, J. M., A. C. Huang, H. S. Wiley, A. Wells, and D. A.
Lauffenburger. 1999. Internalized epidermal growth factor receptors
participate in the activation of p21™ in fibroblasts. J. Biol. Chem. 274:
34350-34360.

Schoeberl, B., C. Eichler-Jonsson, E. D. Gilles, and G. Muller. 2002.
Computational modeling of the dynamics of the MAP kinase cascade
activated by surface and internalized EGF receptors. Nat. Biotechnol.
20:370-375.

Park, C. S., I. C. Schneider, and J. M. Haugh. 2003. Kinetic analysis of
platelet-derived growth factor receptor/phosphoinositide 3-kinase/Akt
signaling in fibroblasts. J. Biol. Chem. 278:37064-37072.

Northrup, S. H., and H. P. Erickson. 1992. Kinetics of protein-protein
association explained by Brownian dynamics computer simulation.
Proc. Natl. Acad. Sci. USA. 89:3338-3342.

Ahmadian, M. R., U. Hoffmann, R. S. Goody, and A. Wittinghofer.
1997. Individual rate constants for the interaction of Ras proteins with
GTPase-activating proteins determined by fluorescence spectroscopy.
Biochemistry. 36:4535-4541.

Sydor, J. R., M. Engelhard, A. Wittinghofer, R. S. Goody, and C.
Herrmann. 1998. Transient kinetic studies on the interaction of ras and
the Ras-binding domain of c-Raf-1 reveal rapid equilibration of the
complex. Biochemistry. 37:14292—14299.

Grasberger, B., A. P. Minton, C. DeLisi, and H. Metzger. 1986.
Interaction between proteins localized in membranes. Proc. Natl. Acad.
Sci. USA. 83:6258-6262.

Dustin, M. L., L. M. Ferguson, P. Chan, T. A. Springer, and D. E.
Golan. 1996. Visualization of CD2 interaction with LFA-3 and
determination of the two-dimensional dissociation constant for adhe-
sion receptors in a contact area. J. Cell Biol. 132:465-474.
Ambarish, N., and A. R. Dinner. 2006. Enhancement of diffusion-
controlled reaction rates by surface-induced orientational restriction.
Biophys. J. 90:896-902.

Biophysical Journal 95(5) 2172-2182

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Monine and Haugh

Ladbury, J. E., M. A. Lemmon, M. Zhou, J. Green, M. C. Botfield, and
J. Schlessinger. 1995. Measurement of the binding of tyrosyl phos-
phopeptides to SH2 domains: a reappraisal. Proc. Natl. Acad. Sci. USA.
92:3199-3203.

Ottinger, E. A., M. C. Botfield, and S. E. Shoelson. 1998. Tandem SH2
domains confer high specificity in tyrosine kinase signaling. J. Biol.
Chem. 273:729-735.

Kazlauskas, A., and J. A. Cooper. 1990. Phosphorylation of the PDGF

receptor B-subunit creates a tight binding site for phosphatidylinositol-
3 kinase. EMBO J. 9:3279-3286.

Klippel, A.,J. A. Escobedo, W. J. Fantl, and L. T. Williams. 1992. The
C-terminal SH2 domain of p85 accounts for the high affinity of the
binding of phosphatidylinositol 3-kinase to phosphorylated platelet-
derived growth factor 8 receptor. Mol. Cell. Biol. 12:1451-1459.

Rodriguez-Viciana, P., P. H. Warne, B. Vanhaesebroeck, M. D.
Waterfield, and J. Downward. 1996. Activation of phosphoinositide
3-kinase by interaction with Ras and by point mutation. EMBO J. 15:
2442-2451.

Gideon, P., J. John, M. Frech, A. Lautwein, R. Clark, J. E. Scheffler,
and A. Wittinghofer. 1992. Mutational and kinetic analyses of the
GTPase-activating protein (GAP)-p21 interaction: the C-terminal do-
main of GAP is not sufficient for full activity. Mol. Cell. Biol. 12:2050—
2056.

Eccleston, J. F., K. J. M. Moore, L. Morgan, R. H. Skinner, and P. N.
Lowe. 1993. Kinetics of interaction between normal and proline 21 Ras
and the GTPase-activating proteins, pl20-GAP and neurofibromin.
J. Biol. Chem. 268:27012-27019.

Buday, L., and J. Downward. 1993. Epidermal growth factor regulates
p21™° through the formation of a complex of receptor, Grb2 adapter
protein, and Sos nucleotide exchange factor. Cell. 73:611-620.
Sorkin, A., M. McClure, F. T. Huang, and R. Carter. 2000. Interaction of
EGF receptor and Grb2 in living cells visualized by fluorescence resonance
energy transfer (FRET) microscopy. Curr. Biol. 10:1395-1398.
Sondermann, H., S. M. Soisson, S. Boykevisch, S. Yang, D. Bar-Sagi,
and J. Kuriyan. 2004. Structural analysis of autoinhibition in the Ras
activator Son of Sevenless. Cell. 199:393-405.

Prior, I. A., C. Muncke, R. G. Parton, and J. F. Hancock. 2003. Direct

visualization of Ras proteins in spatially distinct cell surface micro-
domains. J. Cell Biol. 160:165-170.



